Introduction
Perovskite type A [12] B [6] X 3 compounds are widely used for a variety of applications, such as fuel cell cathodes, solid electrolytes, and gas sensors [1] [2] [3] .
In the perovskite structure, the AX 3 subsystem forms a close packed lattice, where the stacking sequence can differ [4] from purely cubic (c… e. g. for SrFeO 2 F [5] [6] [7] [8] [9] and BaFeO 2 F [7, [10] [11] [12] (both space group Pm3m)) to purely hexagonal (h… e. g. for BaCoO 3 [13] ) and can also form lattices in between those two extremes (e. g. cchcch… for 6H-BaFeO 3-d [14] [15] [16] [17] [18] [19] or chcch… for 15R-BaFeO 3-d F 0.2 [20] [21] [22] ). For a fully filled anion lattice X 3 , all the B cations are octahedrally coordinated and the connection to the neighbouring octahedrons is determined from the stacking sequence. For a cation between cc layers, the octahedron is connected by corners to 6 neighbouring octahedra (3 in the layer above, 3 in the layer below) whereas for a cation between hc layers, it is connected by faces to one octahedron via the h layer and by corners to 3 octahedra via the c layer. For a cation between hh layers the connection is to 2 octahedra by faces (1 in the layer above, one in the layer below).
A range of factors can be responsible for the type of structure adopted. In addition to electronic and electrostatic reasons the average oxidation state of the B cation and therefore the relative average size of the ions, numerically expressed in the tolerance factor t [4] , strongly influences the structure adopted.
The pure oxide BaFeO 3-d can be prepared via a simple high temperature solid state reaction from the metal-oxides or -carbonates. For this system the oxygen partial pressure has been shown to be of crucial importance in determining the type of structure adopted [7, 14, 23, 24] particularly at higher temperatures. These phases and others can be fluorinated by a variety of fluorination agents [25] , and prior studies have reported either a partially fluorinated BaFeO 3-d F y [20] [21] [22] in a 15R perovskite structure (chcch…) or fully fluorinated cubic BaFeO 2 F [7, [10] [11] [12] where the latter contains only Fe 3+ and can be prepared by low temperature fluorination of the precursor oxide BaFeO 2.5 (space group P2 1 /c, vacancy ordered distorted cubic perovskite) using PVDF.
Low temperature treatments of perovskite phases have, for many years, been known to be suitable to modify the average transition metal oxidation states and therefore allow for the synthesis of different modifications of the same product, e.g. cubic and hexagonal SrMnO 3 [26] . Recently, Hayashi et al. showed that cubic BaFeO 3 can be made by low temperature oxidation of BaFeO 2.5 (P2 1 /c) [23] . Formation of the different modifications is supported by the good ionic conductivity of the anions, whilst the Ba/Fe substructure remains immobile at low temperatures [20] . The PVDF route [7, 25, 27] has also been shown to be a "chimie douce" route allowing the formation of kinetically stable products which decompose at higher temperatures to the thermodynamically most stable products.
The reaction mechanism for the PVDF method depends on the material which is to be fluorinated [25] . For the fluorination of BaFeO 2.5 to cubic BaFeO 2 F, two Fions replace one O 2ion (and the carbon residues of the polymer are burnt off by the oxygen from the air) [7, 10, 11] , whereas for the fluorination of SrFeO 3 to cubic SrFeO 2 F one Fion replaces one O 2ion (supported by the stability of the trivalent oxidation state of iron and/or the reductive potential of PVDF) [5, 6] . Hence the filling of vacancies and/or the substitution of oxygen ions are the possible reaction mechanisms for this method of fluorination (for nonstoichiometric compounds (e. g. Sr 0.5 Ba 0.5 FeO 2.77 [7] ) the reaction mechanism would be a combination of vacancy filling and substitution of oxygen).
Recent work has shown that perovskite phases with nearly single valent Fe 3+ show a high stability in their magnetic ordering even at elevated temperatures. BaFeO 2 F (space group Pm3m) is a G-type antiferromagnet [10] and SrFeO 2 F [6] also shows antiferromagnetic ordering at ambient temperature. 15R-BaFeO 3-d F y (space group R3m, 0.15 ≤ y ≤ 0.30) and 6H-Ba 0.8 Sr 0.2 FeO 3-d F y (space group P6 3 /mmc, 0.15 ≤ y ≤ 0.25) were also shown to be antiferromagnetically ordered, where the magnetic moments align in different directions with respect to the direction along which the AX 3 layers lie [22] . All these phases show magnetic ordering above room temperature, whereas fluorine-free mixed valent 6H-BaFeO 3d (space group P6 3 /mmc, d ~ 0.15) orders below 130 K [16] .
In this paper, we report the first synthesis of hexagonal 6H-BaFeO 2 F (space group P6 3 /mmc) by low temperature fluorination of 6H-BaFeO 3-y using polyvinylidenedifluoride (PVDF) as a fluorination agent. We report on the characterisation of the sample by neutron diffraction and magnetic measurements as well as by high temperature XRD to investigate the thermal stability towards decomposition. We also describe preliminary results on the synthesis of partly fluorinated samples 6H-BaFeO 3-d F y (0 < y < 1) and use lattice volume relationships to provide an estimation of their oxygen content (and consequent iron oxidation state).
Experimental

Sample synthesis
The precursor oxide 6H-BaFeO 3-d was prepared by a solid state reaction. Structural studies focused on the 6H-BaFeO 2 F phase, which was shown to be metastable and its' thermal decomposition was confirmed by studying the high temperature decomposition products arising from heating at 1000°C for 5 min in air.
Diffraction experiments
XRD patterns were recorded with a Bruker D5005 diffractometer with Bragg-Brentano geometry and a fine focus X-ray tube with Cu anode. No primary beam monochromator was attached. A PSD detector and a fixed divergence slit were used.
The total scan time was 16 hours for the angular range between 5 and 140° 2θ. Structure refinement of both the XRD and NPD data was performed using the Rietveld method with the program TOPAS 4.2 (Bruker AXS, Karlsruhe, Germany) [28] . For the room temperature XRD data the whole 2θ-range was used, while for the NPD data only those data collected in the highest resolution backscattering detector bank (bank 5, average 2θ = 146.7º, d max ~2.65Å) were used. The instrumental intensity distribution for the X-ray data was determined empirically from a sort of fundamental parameters set [29] using a reference scan of LaB 6 , and microstructural parameters were refined to adjust the peak shapes for the XRD data. For the neutron diffraction data, a modified pseudo Voigt function plus a Gaussian crystallite size function was used to model the time-of-flight dependence of the peak width. Lattice parameters were constrained to be the same for neutron and XRD data and the same positional parameters were used and refined for both data sets. Independent thermal displacement parameters were refined for each atom type, but the values for O and F were constrained to the same value. While these parameters were also constrained to be the same both for X-ray, and neutron, powder diffraction data, an additional B overall value was refined for XRD data accounting for further effects such as absorption or surface roughness. Reflections that showed a large magnetic scattering contribution were omitted for the initial crystallographic refinement.
Furthermore, the intensities of the XRD and NPD patterns were normalised to values between 0 and 1 to give each pattern similar weight in the Rietveld analysis.
Refinement of the magnetic structure of 6H-BaFeO 2 F was performed with the program GSAS [30, 31] using the NPD data collected in one of the Polaris low angle detector banks (bank 3, average 2θ = 52.2º, d max ~ 7.02Å). The magnetic contribution to the diffraction pattern was modelled by introducing a second phase in triclinic space group P1 containing just Fe atoms (to allow refinement of the magnetic structure without any symmetry restrictions), and calculating only its magnetic scattering. Unit cell, atomic positions and thermal vibration parameters in this second phase were set to the refined values determined above and then fixed to ensure that the triclinic (P1) cell remained geometrically and symmetrically hexagonal. Different orientations of the magnetic moments were investigated, including those previously reported for similar compounds [22] .
Magnetic measurements
DC susceptibility measurements were performed over the temperature range 5-300 K using a Quantum Design MPMS SQUID magnetometer. The samples were pre-cooled to 5 K in zero field (ZFC) and also in an applied field of 0.05 T (FC) and
values of χ measured whilst warming in a field of 0.05T. Field-dependent DC susceptibility measurements were performed with a Quantum Design PPMS system with the ACMS control system in DC extraction mode. Measurements were performed at 5 K between 0 and 5 T.
Mössbauer spectroscopy
The 57 Fe Mössbauer spectrum was recorded in constant acceleration mode using a ca. 25 mCi 57 Co/Rh source at 300 K.
Results and discussion
Structural characterisation of 6H-BaFeO 2 F
Fluorination of the precursor oxide 6H-BaFeO 3-d using a 4 mole-% excess of PVDF under air resulted in the formation of a fine brown powder. The 57 Fe Mössbauer spectrum (see Figure 1 ) was best fitted to three sextets consistent with a magnetically ordered material with a Néel temperature greater than 300 K. The chemical isomer shifts δ 0.41, 0.36, 0.32 ± 0.04 mm/s are consistent [32] with iron being present only as Fe 3+ and the formation of a phase of composition 6H-BaFeO 2 F (in combination with the evidence of a completely filled anion lattice from the evaluation of neutron diffraction data reported later in this article). perovskite phases are known to decompose at high temperatures [7, 9] . This results from the high thermodynamic stability of the alkaline earth (AE) fluorides (AE)F 2 [25] and is well known for AE, or La, containing oxide fluoride compounds. In two previous articles [7, 9] , it was shown that such decomposition reactions can also be used to A detailed structural characterisation was performed by coupled Rietveld analysis of XRPD and NPD data (see Figure 2 , Figure 3 and Table 1 ). In this case, the NPD data allow for a more detailed analysis of the anion sublattice, which was found to have only a minor influence on the observed intensities in the XRD pattern. Since fluorination leads to the formation of a fully occupied close packed BaO 2 F sublattice, no coordination other than octahedral is obviously plausible for the Fe atoms (also confirmed by Mössbauer spectroscopy). Since no additional reflections appeared in the diffraction pattern, the same space group as for the precursor oxide 6H-BaFeO 3-d (P6 3 /mmc) was assumed. In this space group, the anions occupy two different crystallographic sites, 6h and 12k, with the refinement indicating significant anisotropy for the thermal parameters for the anions (rod like (6h) and disk like (12k)). This led to the assumption that a model involving split positions might be more appropriate than a situation in which oxygen and fluorine occupy exactly same crystallographic positions. This is also supported by a simple consideration of their ionic radii [33] , which differ by approximately 0.07 Å and therefore we might expect the local positioning of these anions to be non-identical. Indeed, initial experimental evidence for the possible correctness of this assertion was found by Rietveld analysis, where the occupancies of the split sites were allowed to refine and resulted in values of approximately 2 / 3 and 1 / 3 , which are consistent with the occupancies expected for O and F respectively. In the final refinement, the occupancies of the anion sites were therefore fixed to the values of 1 [20, 22] ).
A detailed interpretation of the split anion sites is very difficult, since the closer approach of each anion to one of the cations would increase the distance to another cation. However, a tentative assignment of the F and O atoms to these split sites (according to their occupancies) gives the refined cation-anion distances that are listed in Table 2 . Importantly, the average Fe-O/F distances are 2.028 Å for the 2a and 4f sites and this compares very well with expectations based on the ionic radii (2.022 Å) [33] or from the situation in cubic BaFeO 2 F (2.028 Å) [7] . Furthermore, the Fe 3+ on the 4f site is displaced from the centre of the octahedron as a result from the cation repulsion in face sharing octahedra. 
Magnetic characterisation
SQUID measurements
The variation of magnetic susceptibility χ (in an applied field of 0.05 T) with increasing temperature from 5 to 300 K following pre-cooling in (i) zero applied field (ZFC) and (ii) an applied field of 0.1 T (FC) is shown in Figure 4 . 
Determination of the magnetic structure
As discussed in section 3. In the literature [22, 35] , two models for the orientation of the magnetic moments are generally discussed: along the a-or along c-axis. A detailed analysis of bank 3 (low angle) POLARIS data reveals that, for 6H-BaFeO 2 F, the moments align along the a-axis (resp. lie in the ab-plane) (see Figure 6a ). This becomes especially evident by analysis of the reflections at ca. 4.7 Å (see inlays Figure 6a+b ). Two reflections may contribute to the observed intensity of this reflection, (0 1 1) and (0 0 3), and the latter would have to carry the scattered magnetic intensity to yield a good fit. For an alignment of the magnetic moments only along c, scattered magnetic intensity would be zero for (0 0 3) [36] . The difference between these two models is also expressed in the goodness of fit for the refinements, which were significantly better when the magnetic moments were oriented along the a-axis than along the c-axis. The magnetic space group according to an alignment of the magnetic moments along the a-axis is Cmcm (BNS 63.457) and a subsequent refinement using this group results in an identical fit. The magnetic structure is shown in Figure 2 .
The magnetic moments for the Fe 3+ ions on the 2a and the 4f site are nearly identical 2.72(7) µ B ) [22] . From the similarity of the magnetic moments to those of [37] .
We suggest that the exchange interaction might be different from that observed It is probable that the lowering of the oxidation state helps to stabilise the antiferromagnetic ordering, as mentioned previously by Sturza et al. [22] . The Néel temperature of 6H-BaFeO 3-d (130 K [18] ) is significantly lower than that of the fluorinated compounds.
Figure 6. Rietveld analysis of POLARIS bank 3 (low angle) NPD data for different models of magnetic structures. Magnetic moments aligned parallel to the a-axis and antiferromagnetic interactions between neighbouring layers (a) and magnetic moments aligned parallel to the c-axis and antiferromagnetic interactions between neighbouring layers (b).
High temperature XRD investigations of 6H-BaFeO 2 F
The high temperature behaviour of 6H-BaFeO 2 F was investigated to examine the decomposition reaction in more detail. Figure 7a shows the variation of the lattice parameters (normalised to those from the lowest measurement temperature) with
temperature. An almost linear relationship is observed up to ~510°C. Thereafter, the c-lattice parameter increases greater than the a-lattice parameter and small amounts of BaF 2 begin to appear as a first decomposition product (Figure 7b ). Around 700°C, the decomposition reaction seems to be complete and BaF 2 
XRD study of partly fluorinated 6H-BaFeO 3-d F y
One of the key advantages in the use of PVDF as a fluorinating agent is that by varying the amount of PVDF used the fluorine content of a material can be controlled.
This was illustrated in our recent fluorination studies of Sr 3 Fe 2 O 7-x , where a range of different phases were prepared with different fluorine contents [27] . The PVDF method also allows partial fluorination of 6H-BaFeO 3-d leading to materials of composition 6H-BaFeO 3-d F y (see Figure 8 for XRD powder patterns [20] [21] [22] , due to the low thermal stability of phases with higher F contents. In previous studies [7, 9] , we showed that the oxidation of Fe 3+ has the main influence on the observed cell volume. Therefore, the cell volume (see Figure 9 ) can be used to roughly estimate the average oxidation state of the iron species. From this, the value of d in 6H-BaFeO 3-d F y (resp. the composition of the anion lattice) can be approximated, assuming complete incorporation of Ffrom the PVDF (which is likely since the material can be fully fluorinated using only a very slight excess of Fin the polymer). This furthermore assumes a composition of 6H-BaFeO 2.81 for the pure oxide, as determined from our earlier titration experiments [7] and which is also in good agreement with other values from the literature [22] and a composition of 6H-BaFeO 2 F for the fully fluorinated material, as shown by the combination of neutron diffraction, Mössbauer studies and decomposition experiments. It is also relevant to note that the cell volume of cubic BaFeO 3 (62.621 Å³, Fe 4+ only [23] ) is in good agreement with that (61.899 Å³) from the volumes and average iron oxidation states of 6H-BaFeO 2.81 and 6H-BaFeO 2 F and therefore independently confirms the approximate validity of these assumptions [23] . shown in Table 3 . The incorporation of even low amounts of fluorine (y = 0.2) drastically lowers the iron oxidation state, with the change estimated from the cell volume being from 3.62  3.32. This is in agreement with the work by Sturza et al. [22] , who showed that their lower F content materials 6H-Ba 0.8 Sr 0.2 FeO 3-d F y (0.15 ≤ y ≤ 0.25) also displayed a significantly lower oxidation state than the pure oxide (although it should be recognised that their samples were quenched from higher temperatures, which is beneficial for stabilising lower Fe oxidation states).
Heating in oxygen at 370°C can only establish a marginally higher oxidation state for the Fe ions (Δq ~ 0.01 -0.06), while the low fluoride-containing samples can be oxidised to higher degrees (as illustrated by the greater difference between air/O 2 points at low F contents in Figure 9 ). For fully fluorinated 6H-BaFeO 2 F no significant change in the refined lattice parameters was observed and this is in agreement with a completely filled anion sublattice. Although it should be emphasised that this is an approximate approach, the results presented here suggest that low temperature Fincorporation helps stabilise the iron oxidation states closer to 3+ in the 6H perovskite structure. Such low oxidation states cannot be stabilised without destabilising the structure for the pure oxide 6H-BaFeO 3-d (6H-BaFeO 3-d began to decompose when heated under air at 370°C). Further investigations by neutron diffraction are planned to investigate the influence of the fluorine content (and total anion content) on the structure and magnetic ordering in this system. 
Conclusions
We report here the first synthesis of 6H-BaFeO 2 F by low temperature fluorination of the precursor oxide 6H-BaFeO 3-d . In contrast to high temperature syntheses routes [20] [21] [22] , this allows the production of a material with the highest possible fluorine content. The material decomposes at ~510°C into BaF 2 and BaFe 2 O 4 , which explains why the synthesis of this phase is not possible by high temperature reactions.
6H-BaFeO 2 F shows robust antiferromagnetism at room temperature. Oxygen and fluorine ions are randomly distributed across the lattice, but evidence for slightly different anion positions linked to the local presence of oxygen and fluorine was found, providing different local bond distances for these anions. The PVDF method is confirmed as an excellent route to controlled fluorine contents, here allowing the preparation of 6H-BaFeO 3-d F y (0 < y ≤ 1) phases with different fluorine contents by simple control of the amount of PVDF used.
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